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A superconducting «rarnfc (JO) includes * superconducting ceramic tape (12) Joined to laminates (14. '^^.^J*™*^ 
C cmmfcu«(12) ntay te joined to each laminate (14. 16) by solder (13. | 3 ) or^oxy, soldcrtos mwb a n, ca | ^nd.n B ^l^qu«. Tto 
S^04. 16) Conducting ceramic tape (12) are joined such that the tape CW> b under a ™« «g™ 

s i amount than the toropiwsive ar«s which results ft™ different in (hernial expansion of the tape and 
^^f,r c ^™«Lh« stress can be achieved by putting the laminate under a greatar tension than the superconducting ctramic ape duruig 
^^S^Z^S^S^ to tnS lantLc, H» inducting c^dc may faclu* only one ■_*>» J™n«i to the 
superconducting ceramic laps. 
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LAMINATED SUPERCONDUCTING CTgftfrMTC TA PS 
q^ck ground of the invention 
The invention relates to superconducting ceramic 
tapes, and particularly to laminated superconducting 
5 ceramic tapes* 

When a super conduct ox tape is put under tension 
the ceraiftic grains in the tape degrade resulting in a 
decrease in the critical current carrying capacity of the 
superconductor tape. To address this issue, it has been 
10 tenown to form superconductors by laminating the 
superconductor tape which may be a previously 
compress ively strained tape to a support structure having 
a thermal expansion coefficient larger than that of the 
superconducting tape to improve the tape's tolerance to 
15 tensile and bending stresses. 

Su mmary of the Inve ntion 
A superconducting ceramic formed by laminating a 
superconducting ceramic tape to a tensioned laminate 
results in a superconducting ceramic tape that is under 
20 compression and enables higher level of tensile strain to 
pe applied to the superconductor during use without 
causing degradation of the tapes critical current 
carrying capacity* 

The invention relates to a superconducting cex-amic 
35 including a laminate and a jauperrconductino; ceramic tape 
joined to the laminate- The laminate and superconductor 
tape are joined such that the tape is under a compressive 
stress* The compressive stress is of a greater amount 
than the compressive stress which results from 
30 differences in thermal expansion of the tape and the 
laminate. 

In particular embodiment of the invention, the 
superconductor tape is under a compressive stress in the 
range of about no to 150 MPa, preferably about 3 0 to 120 
35 MPa, and most preferably about 60 to 120 MPa. The 



SUBSTITUTE SHEET (RULE 2ft) 
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laminate is a tape formed from stainless steel, copper, 
copper alloys, or superalloys* Solder or epoxy can be 
used for joining the superconductor taps to the laminate. 
A first side of the super conductor tape can be joined to 
s one laminate and a second side of the superconductor tape 
can be joined to a second laminate. 

According to another aspect of the invention , a 
superconducting ceramic includes a laminate and a 
superconducting ceramic tape joined to the laminate such 
10 that the tape is under compression* The superconducting 
ceramic can withstand tensile strains in a single band 
test of at least 1,5% without degrading current carrying 
capability of the tape more than 10%, that is below 90% 
of its unbent value. In another aspect, the 
is superconducting ceramic can withstand tensile strains in 
a tension test of at least 0,5% and preferably 0*6% 
without degrading current carrying capability of the tape 
more than 10%, that is below 90% of its unbent value. 

According to additional aspects of the invention, 
20 a superconducting coil and a cable conductor are formed 
from the superconducting ceramic of the invention. 

According to yet another aspect of the invention, 
a superconducting ceramic is formed by joining a 
superconducting ceramic tape to a laminate. The laminate 
25 is at a greater tension than the superconductor tape 
during joining. 

According to another aspect of the invention, an 
apparatus for laminating a superconducting ceramic tape 
■to a laminate includes a laminator and a feed guide for 
30 guiding the superconducting ceramic tape and the laminate 
along a laminate process path into the laminator. 
Throughout the laminating process* the radius of 
curvature of the superconducting ceramic tape is 
maintained at greater than about 3 inches. 
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in particular embodiments of the invention, the 
laminate has a coefficient of thermal expansion greater 
than that of the superconducting ceramic tape. A heater 
enables lamination at a predetermined elevated 
5 temperature and a cooler cools the superconducting 
ceramic tape and the laminate thereby placing the tape 

under compression- 

A lamin&te payoff roll and a superconducting 
ceramic tape payoff roll are located at an upstream end 

10 of the laminate process path- A brake is associated with 
the laminate payoff roll for tensioning the laminate, A 
taXe-up roll including a motor is located at a downstream 
end of the laminate process path, A second brafce is 
associated with the superconducting ceramic tape payoff 

15 roll for independently tensioning the tape, in another 
aspect of the invention, a second laminate payoff roll 
including a third brake is located at the upstream end of 
the laminate process path. The laminates are tensioned 
at a higher tension than the superconducting tape and the 

50 superconducting tape is laminated between the two 
laminates , 

According to another aspect of the invention, an 
apparatus for laminating a superconducting ceramic tape 
to a laminate includes a larainator and a feed guide for 

25 guiding the superconducting ceramic tape and the laminate 
along si substantially straight laminate process path into 
the larainator* 

According to yet another aspect of the invention, 
a method of laminating a super-conducting ceramic tape 

30 includes the steps of feeding the superconducting ceramic 
tape through a laminator while maintaining a radius of 
curvature of the superconducting ceramic tape greater 
than about 3 inches? feeding a laminate into the 
laminator; and laminating the superconducting ceramic 

as tape to the laminate - 
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in particular embodiments of the method of the 
invention the tape and the laminate axe heated during 
lamination to expand the tape and the laminate* The tape 
and the laminate air© cooled after lamination to put the 
5 tape under compression. The laminate is tensioned prior 
to lamination, A second laminate is fed into the 
laminator and the superconducting ceramic tape is 
laminated to the second laminate. 

According to another aspect of the invention, a 
10 method of laminating a superconducting ceramic tape 

includes feeding the superconducting ceramic tape through 
a laminator along a substantially straight path, feeding 
a laminate into the laminator, and laminating the 
superconducting ceramic tape to the laminate - 
15 Advantages of the system may include one or more 

of following. The superconducting ceramic tape is not 
subject to strains during lamination that would result in 
degradation of the tape's critical current carrying 
capacity. Tensions placed on the laminates and on the 
20 superconducting ceramic tape are independently 

controllable to enable a larger tension to be plaeecl on 
the laminates than on the superconducting ceramic tape* 
Brief Description of the Prawinoa 
Other objects, features and advantages of the 
25 invention will be apparent from the following description 
taken together with the drawings in which: 

Fig, 1 shows a laminated superconducting ceramic 

tape- 

Fig- 2 i£ a schematic side view of a laminating 
30 assembly in accordance with the invention; 

Fig, 3 is a top sectional view of a nitrogen 
enclosure of the laminating assembly of Fig, l; and 

Fig- 4 is an end view of an additional embodiment 
of a superconducting ceramic. 
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l, a laminated superconducting 
, ^^^tured in 'accordance wit* the invention 
SLL. a ^-conducting ceramic t^ 3 o»- to 
5 laminate 14 and 16 by, for example, solder 13 and 15 o 
eply. SOWTI— mechanical bonding technxgue* such « 
Ultrasonic welding way also be used. 

This laminated superconductor structure can 
produce an initial amount of co^-ive stress on tape 
. 0 w when laminates 14, X6 are seized to have a higher 
coefficient ^ mansion than tape 12. The larger the 
disparity between the coefficients of expansion of the 
laminates and the tape, the greater compression the tape 
is put under as it cools after lamination and thus larger 
15 strains can be applied to laminate superconductor 10 
without degrading the performance of the superconductor 
tape. 

To further compress tape 12, as described below, 
in addition to maximizing the coefficient of expansion 

2 o mismatch between the tape and laminates, laminates 14 and 
16 can be tensioned during the laminating process. A 
tensile stress, for example, about 10-60 MPa, 
preferably about 30 KPa, corresponding to a strain of 
about 0.2%, placed on laminates 14, 16 further compresses* 

2b tape 12 when the tensile stress is eliminated after 

laminating. Tension on tape 12 is maintained at very low 
levels during lamination, typically corresponding to a 
strain of about 0.01* or less, to prevent tape 
degradation . 

30 Referring to Pig. 2, a laminating assembly 110 for 

laminating superconducting ceramic tape 12 between 

assembly 110 

j.3mAHci ttsfci ±h fluu — - 

includes a laminated 16, for example, a solder wave or 
solder toatli, and a aeries of feed guides 20, 20a, 22, 24, 
35 and 2 6 (see Fig- 3) for guiding tape 12 and laminates 14, 
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16 into laroinator 18. Tape 12 travels along a 
substantially straight laminate pro^ss path (arrow 19) 
to prevent degradation of the superconductor tape as it 
is fed through the feed guides and the laudator and to 
avoid differential tension on the two sides of the tape. 



tfape 12/ prior to lamination, is stored on a 
payoff roll 2©* Laminates 14, 16, prior to lamination, 
are stored on payoff rolls 30 , 32, respectively. A take* 
up roll 34 on which the resulting laminated tape 17 is 

10 fcaken-up is driven by a motor 35 and pulls tape 12 and 
laminates 14, 16 through the feed guides and lasninator. 
Payoff rolls 28 , 30, 32 include brakes 29, 31, 33, 
respectively, for independently controlling the tension 
in tape 12 and laminates 14, 16. The radius of curvature 

i& of tape 12 as it is fed from payoff roll 28 is maintained 
at greater than about 3 inches to prevent mechanical, and 
hence electrical, degradation of the superconductor tape. 

Laminating assembly 110 includes an instrument 
panel 27 for input of user commands and displaying of 

20 system status - 

Referring to Fig* 3, laminating assembly 110 can 
include, for example i a nitrogen gas enclosure 40 housinc; 
laminator 18, a fluxer 42 located upstream of laminator 
1&, and a dryer/heater 44 located between fluxer 42 and 

25 laminator 18. A guide dam 54 can be used to control the 
thickness of the solder between laminates 14, 16 and tape 
12. A cooler 56 blows air at, for example, 100 °C, to 
remove excess solder from laminated tape 17 and cools the 
laminated tape to freeze the solder* An additional feed 

ao guide 57 is located downstream of cooler 56. 

Located downstream of cooler 56 are. a clean 
station 9 0 which sprays a cleaning fluid, for example, 
distilled water at about 70**C, over tape laminate 1*7 and 
a dryer 92 located downstream of clean station 90 



Received from < 617 S42 8906 > at 1/30/024:48:32 PM [Eastern Standard Time] 



01/30/02 16:27 FAX 617 542 8906 F&R BOSTON ®046 



PCT/US97/13068 



including air jets. at about ioo-c. Guide rollers 94 are 
located downstream of dryer 92. 

in the manufacturing process, while tape 12 and 
laminates 14, 16 are heated to a soldering temperature, 
* laminates 14, 16 expand more than tape 12 due to their 
higher coefficient of expansion. As the laminated tape 
17 is cooled, the tape and laminates retract as they 
start to cool, the solder freezes binding the tape to the 
laminates, and as the now laminated tape 17 cools below 
to the freezing temperature, laminates 14 and 16 force tape 
12 into compression as they retract more than the tape 
due to their higher coefficient of expansion. Tape 12 is 
put under further compression as laminated tape 17 cools 
to room temperature and then is still further compressed 
is in use where it is cooled to about -196-c. 

The independently controlled brakes permit the 
laminates to be teneioned at a higher tension than tape 
12 during the lamination process. Upon removal of the 
tension when lamination is completed, tape 12 is further 
2Q compressed as the laminates retract toward their rest- 
lengths. 

Tape 12 of laminated superconductor 10 can 
typically have a width of about o. 02-1.0" or larger, and 
a thickness of about 0.O01-O-040" or larger although 
25 smaller tapes may also be used. The tapes may be made by 
any process for manufacturing superconducting tape, such 
as the well-known powder- in-tube and coated conductor 
processes. The invention may be practiced with any 
superconducting ceramic. They are preferably 

3 q superconducting oxides, especially superconducting copper 
oxides of the bismuth, rare earth, thallium, lead or 
mercury families, f referred materials include, for 
example, (Pb,Bi) 2 Sr 2 C aj ,Cu 3 0 (BSCCO 2223), 
(P^Bi^SriCajCUjiO (BSCCO 3112) , and V^^C^O^s (YBCO 

35 123). Laminates 14, 16 are preferably stainless steel 
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tapes (other tapes, for example, copper f copper alloy or 
superalloy tapes are alga suitable) and typically have a 
width that is about the same as the width ot tape 12 and 
not more than 0.005" lees than that of tape 12, If the 
5 width of laminates 14, 16 is more than 0*005" less than 
the width of tape 12, the superconducting portions along 
the edge of superconductor 10 do not receive the full 
benefit of being compressed by laminates 14, 16* 
Laminates 14 , 16 typically have a thickness of about 

io 0,001-0 ,003 11 or larger. Thick laminates, greater than 
about 0,004-0, 02 11 r preferably about 0.006", may 
advantageously be used in high field magnet applications 
to support large hoop stresses and provide additional 
thermal mass and to provide an alternate critical current 

IS path if the superconducting tape is driven normal* 

Laminates 14 , 16 preferably have a high yield 
strength of about 200-800 MPa or larger- The laminated 
superconducting ceramic 10 has been seen to have 
increased performance as the ultimate tensile strength of 

so laminates 14/ 16 increases permitting higher stress 

levels to be applied to superconductor 10 without causing 
plastic deformation of the superconductor. Thin 
stainless steel laminates having a thickness of about 
0.001" advantageously have a higher yield strength than 

25 thicker stainless steel laminates and also provide a thin 
packing factor. The desired solder thickness of the 
laminated superconductor 10 is typically in the range of 
about 0.0001-0,001", and most preferably about 0.0002 1 ' to 
about 0.0006". 

30 The compressive stress placed on tape 12 of 

superconducting ceramic 10 by the mismatch in thermal 
expansion coefficients and by tensioning the laminates 
during lamination permits a greater strain to be placed 
on the superconductor 10 without degradation of current 

35 carrying capability as compared to non-compressed tapes 
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and tapes compressed only hy the mismatch in thermal 
efficients. For example, for superconducting cerate 
tapes 12 having a width of 0-16- and a thiefcness of 
0.003" and laminates 14, 16 having a width at 0.1G" and a 

5 thickness of 0.0015" soldered to either side of a tape 
while tensioned, in a single bend test at room 
temperature, 95% of the superconductor tape's original 
critical current is maintained r when the strain on the 
laminated tape is about 1.5*, while 95% of its original 

10 critical current i& maintained, at a strain of only about 
0-1 to 0*5% for an unlaminated tape. In a tension test 
at -196 °C, 95$ of the superconductor tape's original 
critical current is maintained at a strain of 0-6% for 
ttie laminated tape manufactured according to the 

is invention, while 95% of its original critical current is 
maintained at a strain of only 0.2% for an unlaminated 
tape and 95% of its original critical current is 
maintained at a strain of only 0.3-0.4% for a laminated 
tape formed without tensioning the laminates during 

2o lamination* 

other embodiments are within the following claims. 
For example, if in use, a superconductor tape is 
only to he exposed to bending strains in one direction, 
laminate can be soldered to only one side of the tape to 

2S gain the advantage of withstanding higher applied strain 
while maintaining critical current carrying capacity. 
Laminating to one side of the superconducting ceramic 
tape places that side under compression while the 
opposite side of the tape is placed under tension- Xn 

30 use, the tape is bent such that the side under 

compression ie tensioned* Additionally, laminates of 
different thicknessee can be joined to either side of 
tape 12 to provide a similar result, Laminated 
superconductors and methods of manufacture thereof are 

35 taught in "Improved Structure for laminated 
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superconducting Ceramic Composite Conductors and Method 
of Manufacture 11 r hy Bruce B« Gamble, Gilbert N. Riley, 
Jr., John D. Scudiere, David M- Buczek, Gregory L. 
Snitchler, and Michael D» Manlief, and filed the same day 
5 this application, the entire contents of which is hereby 
incorporated by reference* 

deferring to Fig. 4, multiple stacks of 
superconducting ceramic tapes 12 can be laminated between 
laminates 14, 16- This configuration provides a 

10 structural aid for supporting the magnetic Lorentz forces 
seen when a coil is under hoop stress, and provide 
additional thermal mass and to provide an alternate 
critical current path if the superconducting tape is 
driven normal, and is also a potential cast reduction in 

is coil fabrication. 

Depending on the dimensions of the superconducting 
ceramic tape and the laminates, the difference in thermal 
expansion between the tape and the laminates, and the 
tension placed on the laminates during lamination, the 

20 superconducting ceramic can maintain about 90%, 

preferably about 95% or greater, of its original critical 
current capacity under high tensile strains. 

Additions, subtractions and other 
modifications of the illustrated embodiments of the 

as invention will be apparent to those practiced in the art 
and are within the scope of the following claims. 
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What is claimed is: 

a. A superconducting ceramic, comprising: 
a laminate, and 

a superconducting ceramic tape joined to said 
5 laminate such that said superconducting ceramic tape is 
under a compressive stress, the compressive stress being 
of a greater amount than a compressive stress due to only 
differences in thermal expansion of the superconducting 
ceramic tape and the laminate* 

!0 2, The superconducting ceramic of claim l 

wherein the superconducting ceramic tape is under a 
compressive stress in the range of about 10 to 150 HFa* 

3 * The superconducting ceramic of claim 1 
wherein the superconducting ceramic tape is under a 
is compressive stress in the range of about 30 to 120 MFa« 

4, The superconducting ceramic of claim 1 
wherein the superconducting ceramic tape is under a 
compressive stress of about 60 to 120 MPa„ 

The superconducting ceramic of claim l 
2Q wherein said laminate comprises a tape formed from one of 
stainless steel, copper , copper alloys # and superalloys* 

6. The superconducting ceramic of claim 1 
further comprising one of solder and epoxy for joining 
said superconducting ceramic tape to said laminate* 

25 7- The superconducting ceramic of claim 1 

further comprising a second lawinate, said 
superconducting ceramic having first and second sides, 
said first side being joined to one of said laminates and 
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said second side toeing joined to the other of said 
laminates * 

a, A superconducting ceramic, comprising: 
a laminate, and 
5 a superconducting ceramic tape joined to said 

laminate such that said superconducting ceramic tape is 
under compression and said superconducting ceramic can 
withstand tensile strains in a single bend test of at 
least 1.5% without . degrading current carrying capability 
10 of said superconducting ceramic tape more than 10%. 

9„ A superconducting ceramic, comprising: 
a laminate, and 

a superconducting ceramic joined to said laminate 
such that said superconducting ceramic tape is under 
is compression and said superconducting ceramic can 

withstand tensile strains in a tension test of at least 
0*6% without degrading current carrying capability of 
said superconducting ceramic tape more than 10%. 

10. A superconducting ceramic, comprising: 
20 a laminate r and 

a superconducting ceramic joined to said laminate 
such that said superconducting ceramic tape is under 
compression and said superconducting ceramic can 
withstand tensile strains in a tension test of at least 
25 0.5% without degrading current carrying capability of 
said superconducting ceramic tape more than 10%, 

11* A superconducting coil, comprising;; 
a superconducting ceramic including 
a laminate , and 

so a superconducting ceramic tape joined to said 

laminate such that said superconducting ceramic tape is 
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under a compressive stress the compressive stress being 
of a greater amount than a compressive stress due to only 
differences in thermal expansion of the superconducting 
ceramic tape and the laminate. 

5 12. A cable conductor, comprising: 

a superconducting ceramic including 
a laminate, and 

a superconducting ceramic tape joined to said 
laminate such that said superconducting ceramic tape is 
io under a compressive stress, the compressive stress being 
of a greater amount tjian a compressive stress due to only 
differences in thermal expansion of the superconducting 
ceramic tape and the laminate. 

13. A superconducting ceramic formed by joining a 
IS superconducting ceramic tape to a laminate, said laminate 

being at a greater tension than said superconducting 
ceramic tape during joining* 

14. The superconducting ceramic of claim 13 
wherein said superconducting ceramic tape has a higher 

20 thermal expansion than said laminate, 

15. Apparatus for laminating a superconducting 
ceramic tape to a laminate, comprising: 

a laminator, and 

a feed guide for guiding the superconducting 
25 ceramic tape and the Xaminate along a laminate process 
path into said laminator, said feed guide and said 
laminator feeding the superconducting ceramic tape to 



of curvaturs of the superconducting 



ceramic tape greater than about 3 inches. 
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16- The apparatus of claim 15 wherein the 
laminate has a coefficient of thermal expansion higher 
than the superconducting ceramic tape, 

said apparatus further including a heater 
5 associated with said laminator far enabling lamination at 
a predetermined elevated temperature, 

17. The apparatus of claim 16 further including a 
cooler located along the laminate process path downstream 
of said laminator whereby said superconducting eerattiic 

3.0 tape is put under compression upon cooling. 

18. The apparatus of claim 15 further including a 
laminate payoff roll and a superconducting ceramic tapa 
payoff roll located at an upstream end of the laminate 
process path, and a brake associated with said laminate 

15 payoff roll for tensioning the laminate, and 

a take-up roll and a motor associated with said 
take-up roll located at a downstream end of the laminate 
process path* 

19. The apparatus of claim 18 further including a 
20 second brake associated with said superconducting ceramic 

tape payoff roll for independently tensioning said tape. 

20* The apparatus of claim 19 further including a 
second laminate payoff roll and a third brake associated 
with said second laminate payoff roll for tensioning a 
25 second laminate f the first and second laminates being 
tensions* at a higher tension than the superconducting 
ceramic tape and the superconducting ceramic tape toeing 
laminated between tlie first and second laminates - 

21. Apparatus for laminating a superconducting 
30 ceramic tape to a laminate, comprising! 
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a laminator, and 

a feed guide for guiding the superconducting 
ceramic tape and trie laminate along a laminate process 
path into said laminator, said feed guide and said 
5 laminator feeding the superconducting ceramic tape along 
a substantially straight path, 

22. A method of laminating a superconducting 
ceramic tape, comprising the steps of: 

feeding the superconducting ceramic tape through a 
10 laminator while maintaining a radius of curvature of the 
superconducting ceramic tape greater than about 3 inches , 

feeding a laminate into the laminator , and 

laminating the euperoondueting ceramic tape to the 
laminate - 

15 23. The method of claim 22 further including the 

step of heating said tape and said laminate during 
lamination to expand said tape and said laminate _ 

24. The method of claim 2 3 further including the 
step of cooling said tape and said laminate after 

20 lamination to put said tape under compression. 

25. The method of claim 22 further including the 
step of tensioning said laminate prior to lamination. 

26. The method of claim 22 further including the 
step of feeding a second laminate into the laminator and 

25 laminating the super conducting ceramic tape to the second 
laminate * 

27 • A laminated superconducting ceramic tape made 
by the method of claim 22- 
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38, A method of laminating a superconducting 
ceramic tape, comprising the steps of i 

feeding the super conducting ceramic tape through a 
laminator along a substantially straight path, 

feeding a laminate into the laminatcr, and 

laminating the superconducting ceramic tape to the 
laminate * 

29. A laminated superconducting ceramic tape made 
toy the method of claim 28. 
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